Irrespective of the region of isolation NRP cells share several properties: an ability to divide, the expression of polysialated neural cell adhesion molecule, the expression of neuronal markers such as type III ␤-tubulin and microtubule-associated protein 2 (MAP-2), and an inability to generate glial derivatives in conditions in which other precursors readily generate astrocytes and oligodendrocytes. The neuronal lineage commitment of the NRPs seems immutable and is in contrast to progenitor populations described by Roy et al. (24), where oligodendrocyte precursors in vitro generated a small number of type III ␤-tubulin-positive cells.
M
ultipotent neural stem cells within the developing mammalian central nervous system develop into neurons, astroglia, and oligodendrocytes (1) (2) (3) (4) (5) (6) (7) (8) . The transition from neural stem cells to differentiated neurons or glial cells likely requires the generation of more restricted precursors (reviewed in ref. 9 ). Such lineage-restricted precursors (glial restricted and neuronal restricted progenitors, GRPs and NRPs, respectively) have been identified (9, 10) . Progenitor cells have been isolated and characterized from multiple brain regions (2) (3) (4) (11) (12) (13) (14) (15) whereas NRP cells have so far been identified in only a few locations (2, (16) (17) (18) (19) (20) (21) (22) (23) .
Irrespective of the region of isolation NRP cells share several properties: an ability to divide, the expression of polysialated neural cell adhesion molecule, the expression of neuronal markers such as type III ␤-tubulin and microtubule-associated protein 2 (MAP-2), and an inability to generate glial derivatives in conditions in which other precursors readily generate astrocytes and oligodendrocytes. The neuronal lineage commitment of the NRPs seems immutable and is in contrast to progenitor populations described by Roy et al. (24) , where oligodendrocyte precursors in vitro generated a small number of type III ␤-tubulin-positive cells.
Despite their overall similarities, differences between neural progenitor cells isolated from different brain regions exist (reviewed in ref. 9 ). For example, progenitors from the hippocampus, but not from the cerebellum or midbrain, produce hippocampal pyramidal neurons. Likewise, Luskin and colleagues (25) have noted that neurons derived from the anterior forebrain subventricular zone (SVZa) undergo GABAergic differentiation when transplanted into the striatum. These and other results raise the possibility that the restriction in developmental potential arises early and cannot be reversed. Multiple classes of NRPs distinguished on the basis of their ability to generate specific subclasses of neurons may exist.
In this study, the ability of spinal cord NRP cells to migrate and differentiate after their transplantation into the neonatal SVZa was examined and compared with endogenous and homotypically transplanted SVZa NRP cells. Our results show that spinal cord NRP cells are restricted to generating neurons in vivo. NRPs, however, migrate extensively and incorporate into different brain regions, and subsets of cells synthesize cholinergic, glutaminergic, and GABAergic neurotransmitters. Spinal cord NRPs differ from SVZa-derived NRPs in their migration and differentiation, indicating that cell intrinsic mechanisms play an important role in regulating differentiation.
Materials and Methods
Isolation and Labeling of NRP and GRP Cells. Cells were isolated as described (12) . Immunoselected cells were labeled by using an enhanced green fluorescent protein (GFP) retroviral construct (gift from Ray White, University of Utah). The construct was packaged by using the Phoenix cell line (gift from Gary Nolan, Stanford University, Stanford, CA). Viral supernatant was collected from infected cells grown in neuroepithelial basal medium. GFP expression in infected cells (10%) was evident within 48 h in vitro, and its expression persisted for at least 10 days.
Transplantation of GFP-Labeled NRP and GRP Cells. The procedure described by Luskin and coworkers (16, 25) was used with slight modifications to transplant cells into the right SVZa of postnatal day 1 rat pups. About 3 l of the GFP-labeled NRP or GRP cell suspension (approximately 3 ϫ 10 4 cells) was injected into the SVZa. The needle was left in position for approximately 3 min and gradually withdrawn, the skull flap was repositioned, and the skin overlying the incision site was sealed with surgical glue. The animals were revived under a heat lamp and returned to their mothers.
Tissue Processing and Immunocytochemistry. Animals were allowed to survive for either 3, 7, or 14 days after surgery and then were perfused with paraformaldehyde as described (25) . At each time point single-label immunocytochemistry was done with anti-GFP to determine the location of transplanted cells. Doublelabel immunohistochemistry was performed to evaluate the phenotype of the transplanted cells. The following primary antibodies were used: anti-choline acetyl transferase (ChAT) (Chemicon, 1:2,000), anti-␥-aminobutyric acid (GABA) (Sigma, 1:5,000), anti-glial fibrillary acidic protein (GFAP) (Dako, 1:500), anti-glutamate (Signature, 1:100), anti-neurofilament (NF)-160 (Sigma, 1:50) and anti-NF-200 (Sigma, 1:500), antiAbbreviations: NRP, neuronal restricted progenitor; SVZa, anterior forebrain subventricular zone; GRP, glial restricted progenitor; MAP-2, microtubule-associated protein 2; GFP, green fluorescent protein; ChAT, choline acetyl transferase; GABA, ␥-aminobutyric acid; OB, olfactory bulb; AON, anterior olfactory nucleus; AONvp, ventro posterior AON; AONd, dorsal AON; RMS, rostal migratory stream; NF, neurofilament; DCN, deep cerebellar nuclei; GFAP, glial fibrillary acidic protein. ‡ To whom reprint requests should be addressed. E-mail: luskin@cellbio.emory.edu.
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MAP-2 (Sigma, 1:500), anti-proteolipid protein-DM20 (Chemicon, 1:200), anti-synaptophysin (Sigma, 1:200), and TuJ1 (Babco, Richmond, CA, 1:2,000). Fluorescence (Zeiss Axiophot) and confocal microscopy (Zeiss Axiophot equipped with LSM 510) were used to capture representative images. A region in the host brain where large groups of GFP-NRP cells were unambiguously visualized was considered a destination for the NRP cells if similar groups were seen in 10 or more animals. A minimum of 100 GFP-NRP cells were counted at each site by using a 0.5-mm ϫ 0.5-mm grid at ϫ200 magnification with the fluorescein filter. The percentage of cells expressing a particular phenotype within these regions was expressed as # doublelabeled cells͞# GFP-NRP cells.
Results
Before transplantation aliquots of immunopanned cells were cultured, retrovirally labeled, and tested for purity and their ability to differentiate into neurons. Only isolations that yielded 95% or more of NRP or GRP cells were used for transplantation. Fifteen independent isolations were performed, and on average, 10% of the isolated cells were infected by the retrovirus. Viability, determined by the trypan blue exclusion test before injection, was greater than 95%. Cells were injected into the SVZa of newborn Sprague-Dawley rat pups, by using the coordinates established by Luskin and her associates (25) . (Fig. 1C) , along the RMS (Fig. 1D) , and in the bulb (Fig. 1E ) 3 days posttransplantation.
Despite overt similarities between the spinal cord GFP-NRP cells and SVZa progenitors, major differences also were observed. The GFP-NRP cells exited the RMS, which the endogenous or homotypically transplanted SVZa progenitors never do (21) and were found in the adjacent ventroposterior AON (AONvp) and dorsal AON (AONd) (Fig. 2D) . Moreover, unlike SVZa cells, once the NRP cells entered the subependymal zone of the OB, they never migrated past the granule cell-mitral cell border even at 15 days posttransplantation (the latest time point studied). Thus, spinal cord NRP cells do not obey the same cues as SVZa cells en route to and within the OB.
Transplanted NRP Cells Migrate to Discrete Regions Throughout the
Brain. In addition to the RMS and AON (see above), and in contrast to the behavior of SVZa-derived NRP cells, labeled spinal cord NRP cells were found in multiple sites (summarized in Table 1 ). Spinal cord NRP cells migrated both anteriorly and posteriorly through the overlying corpus callosum to the frontal and occipital cortices as well as to the cerebellum. In the cortex, cells were found in layers II, III, and IV in the frontal cortex and the subplate (Fig. 1F ) and layers IV-VI in the occipital cortex (Fig. 1G) . Large numbers of spinal cord NRP cells also were found in the cerebellum, and they were restricted to the deep cerebellar nuclei (DCN) (Fig. 1H) . The GFP-NRP cells, therefore, were less restricted in their migratory behaviors when compared with SVZa cells.
GFP-NRP cells were not detected in the hippocampus unless transplanted cells leaked into the lateral ventricle. NRP cells were never detected in the midbrain or in the striatum. The absence of spinal cord NRP cells in the contralateral OB (Fig.  1B) indicated that spinal cord NRP cell migration was restricted to the ipsilateral hemisphere. Thus, NRPs can migrate in multiple directions, although the pathway(s) selected by the GFP-NRP cells are not random.
Transplanted NRP Cells at Their Final Destinations Are Morphologically Similar to Host Neurons. The morphology of the transplanted cells varied in different brain regions. In the SVZa the GFP-NRP cells were primarily round with short processes (Fig. 1C Inset) , but in the RMS, many NRP cells had elongated cell bodies with leading processes, consistent with the morphology of migrating neurons (Fig. 1D Inset) . Once in the OB, many cells acquired a bipolar morphology (Fig. 1E Inset) . In contrast, NRP cells in the frontal and occipital cortices had a distinct pyramidal appearance (Fig. 1 F and G Insets) with dendritic processes; however, the cells within the subplate were multipolar (Fig. 1 G Inset, short  arrow) . The NRP cells in the DCN were also multipolar with short processes (Fig. 1H Inset) . Taken together, these results show that GFP-NRP cells assumed a range of morphologies that resemble the morphologies found in the local regions within the host brain.
Transplanted NRP Cells Express Neuronal Cell-Type Specific Markers
Exclusively. The differentiation ability of NRP cells was assessed by using a panel of cell-type specific markers. Table 2 summarizes the pattern of expression of all markers tested. The expression of MAP-2 ( Fig. 2 A-C) and ␤-tubulin III (Fig. 2D ) was evident in all of the migrated NRP cells at all of the locations at all ages and time points studied.
At no stage did we detect expression of GFAP or PLP-DM20 by GFP-labeled NRP cells (Fig. 3 E and F) , confirming that NRP cells do not adopt astroglial or oligodendrocyte identities. This finding is in distinct contrast to other neural progenitors, which predominantly mature into glia after transplantation (8, 26, 27) , but similar to SVZa neuronal progenitors, which retain their neuronal identity following heterotypic transplantation (20, 25) .
To rule out the possibility that the host environment failed to initiate oligodendrocyte or astrocyte differentiation or support the survival of newly formed glial cells, we analyzed the differentiation of GRP cells isolated from the embryonic rat spinal cord at the same developmental stage as NRP cells. In contrast to NRP cells, GRP cells readily differentiated into GFAP immunoreactive astrocytes (Fig. 3G) and PLP-DM20-positive oligodendrocytes (Fig. 3H) . Moreover, GRP cells did not differentiate into cells that exhibited a neuronal morphology and did not express neuronal markers (data not shown). Thus, NRPs do not respond to the glial differentiation cues that GRP cells obey.
Transplanted NRP Cells Express ChAT, GABA, and Glutamate. NRP cells mature, synthesize, and respond to neurotransmitters in vitro. We therefore evaluated the ability of transplanted NRP cells to express excitatory or inhibitory neurotransmitters. A substantial number of the transplanted NRP cells throughout the brain expressed ChAT as early as 3 days posttransplantation even in regions like the occipital cortex (Fig. 3 A-C) where endogenous ChAT-positive neurons have not been. GABA and glutamate expression (Fig. 3 D and E) , however, was restricted to the NRP cells that migrated to the OB, AONd, and AONvp. Furthermore, fewer than 50% of the GFP-NRP cells in these locations expressed GABA or glutamate. These results, summarized in Table 2 , show that the neurotransmitter phenotype expressed by the GFP-NRP cells is a function of both intrinsic and extrinsic factors.
Transplanted NRP Cells Differentiate in the Host Brain and Receive
Synapses. To determine whether the GFP-NRP cells can synaptically integrate and mature within the host environment, we examined synaptophysin expression and the expression of NF (NF-160 and NF-200), markers of neuronal differentiation. Synaptophysin expression on transplanted NRP cells was faint in the SVZa and RMS, suggesting some vesicle formation. However, greater expression of synaptophysin was seen in regions with more mature neurons such as the cerebral cortex (Fig. 4D) . This finding suggests that the NRP cells assimilate with mature host neurons.
NF isoforms identify maturing neurons that extend axons or processes, with NF-200 expression increasing as development progresses. Staining with anti-NF antibodies showed that NRP cells underwent a process of maturation. Three days after transplantation, NRP cells in the cerebral cortex (Fig. 4A ) expressed NF-160. Seven days posttransplantation, however, NF-160 was extinguished and NF-200 was present in the transplanted cells (Fig. 4B) . NF-200 expression was evident only in NRP cells present in host areas with mature postmitotic neurons and was not seen in the SVZa or RMS. Thus, NRP cells not only retain their neuronal phenotype, but also continue to mature in vivo by expressing developmentally regulated proteins like NF.
Discussion
Spinal cord NRP cells migrate extensively, integrate into the host brain, and differentiate after transplantation into the host SVZa. Transplanted cells generate extensive processes, make synapses, and acquire region-specific phenotypic characteristics. They generate exclusively into neurons, even in regions such as the corpus callosum, at a time of active gliogenesis. This finding contrasts with the behavior of GRP cells, which readily differentiated into astrocytes and oligodendrocytes (but not neurons) in the same environment. Thus, the lineage restriction in the two populations seen in vitro also is reflected in vivo. NRP cells migrated extensively, and labeled cells were found in the cerebellum, OB, and the occipital and frontal cortices similar to the behavior of other neural stem cells transplanted into the neonatal brain. In the adult, however, multipotent cells do not appear to recognize normal migratory cues, and large numbers of cells are retained at the injection site (refs. 26 -29; reviewed in ref. 9 ). In our experiments we observed few 
Distribution of transplanted GFP-NRP cells in various brain regions. Table summarizes the regions in the brain where GFP-NRP cells were identified 3, 7, and 14 days after transplantation into the SVZa of postnatal day 1 Sprague-Dawley rats. The transplanted cells were identified immunohistochemically by using an antibody against GFP and a fluorescein-conjugated secondary antibody. NRP cells were identified in the hippocampus only in animal 2 ( * ) presumably caused by a leakage of some transplanted GFP-NRP cells into the lateral ventricle.
NRP cells at or near the injection site, and the cells present appeared to be dispersed rather than aggregated (Figs. 1 and  2 ). These observations are consistent with the normal behavior of stem cells during development. In vivo, multipotent progenitor cells are restricted to proliferating regions (30 -32) , and only their progeny appear to migrate (32) .
Spinal cord NRPs migrated considerably more than SVZa NRPs (present results and ref. 25) . Like SVZa progenitors the spinal cord NRP cells migrated independently of radial glia in the RMS. However, unlike SVZa cells, the spinal cord NRP cells also migrated to additional sites including the cerebral cortex. The final destinations of the spinal cord NRP cells were not simply a function of time. The cells could be seen at their targets 3 days after transplantation, and sites in the brain close to the site of implantation like the hippocampus or striatum were preferentially bypassed for cerebral cortical structures and the cerebellum.
In general when multipotent stem cells are transplanted only a fraction of the cells differentiate into neurons (usually 1-5%). Predominantly GABAergic neuronal differentiation has been reported. In contrast, virtually all NRP cells expressed neuronal markers and matured in the host environment to acquire a variety of different morphologies, and neurotransmitter phenotypes (Figs. 1, 3, and 4 ). An important finding was that a significant number of transplanted NRP cells expressed ChAT even in regions where no endogenous cholinergic cells are present. NRP cells may have differentiated into ChAT immunoreactive cells before transplantation. Alternatively cholinergic differentiation may represent a default pathway and an intrinsic bias in the developmental potential of spinal cord NRP cells, which is adopted when overriding cues are not present. The present results do not allow us to distinguish between these possibilities. In all the areas examined, the average percentage of double-labeled cells is represented by using the following symbols: Ϫ, no cells expressing the phenotype; ϩ, up to 25% of cells expressing the phenotype; ϩϩ, 25-50% of cells expressing the phenotype; ϩϩϩ, 50 -75% of cells expressing the phenotype; ϩϩϩϩ, Ͼ75% of cells expressing the phenotype. (DPT, days after transplantation). The present results combined with other transplantation experiments suggest that intrinsic and extrinsic signals regulate development (1) . The overall evidence suggests that cues that direct migration and differentiation are present in the environment, and some progenitor cells retain the capacity to respond to them. Some progenitors lose or lack the ability to interpret and respond to these cues and thus fail to migrate. Loss of this ability may happen early in development well before target innervation. For example, a study comparing the migration potential of progenitors from the lateral and medial ganglionic eminences showed that the lateral ganglionic eminence cells were more restricted in their migration ability (33) even though the cells were harvested from embryonic animals at a stage when neurogenesis and migration are prevalent. Evidence of such differences at early developmental stages underscore the importance of carefully characterizing each cell type and selecting an appropriate source of cells especially when contemplating therapeutic transplantation.
Neuronal transplantation to correct congenital or acquired disorders using multipotent progenitor cells has two major limitations: migration of the transplanted cells is limited, and the cells seldom develop into neurons (26, 27, (34) (35) (36) . In transplants using more restricted NRP cells from the spinal cord or the SVZa, the cells migrate more freely, and there is essentially no glial formation (20, 33) , suggesting that these cells may be more useful therapeutically. Recently, it has been shown that NRP cells can be isolated from human spinal cords (37) and embryonic stem (ES) cells (38) . NRP cells derived from ES cells may be sufficiently undifferentiated to allow the use of a single population of NRPs to correct acquired or congenital neurological disorders.
